The nanostructure of diesel particulates has been shown to impact its oxidation rate and burnout trajectory. Additionally, this nanostructure can evolve during the oxidation process, furthering its influence on the burnout process. For this study, exhaust particulates were generated on a light-duty diesel engine with conventional diesel fuel, biodiesel, and intermediate blends of the two at a single load-speed point. Despite the singular engine platform and operating point, the different fuels created particulates with varied nanostructure, thereby greatly expanding the window for observing nanostructure evolution and oxidation. The physical and chemical properties of the particulates in the nascent state and at partial oxidation states were measured in a laboratory reactor and by high-resolution transmission electron microscopy as a function of the degree of oxidation in O 2 . X-ray photoacoustic spectroscopy analysis, thermal desorption, and solvent extraction of the nascent particulate samples reveal a significant organic content in the biodieselderived particulates, likely accounting for differences in the nanostructure. This study reports the nanoscale structural changes in the particulate with biofuel blend level and during O 2 oxidation as observed by high-resolution transmission electron microscopy and quantitated by fringe analysis and Brunnauer-Emmet-Teller total surface area measurements. It was observed that initial fuel-related differences in the lamella lengths, spacing, and curvature disappear when the particulate reaches approximately 50% burnout. Specifically, the initial ordered, fullerenic, and amorphous nanostructures converge during the oxidation process and the surface areas of these particulates appear to grow through these complex changes in internal particle structure. The specific surface area, measured at several points along the burnout trajectory, did not match the shrinking core projection and in contrast suggested that internal porosity was increasing. Thus, the appropriate burnout model for these particulates is significantly different from the standard shrinking core assumption, which does not account for any internal structure. An alternative burnout model is supported by high-resolution transmission electron microscopy image analysis.
Introduction
Oxidation of diesel particulates is important in the flame, in cylinder, in the exhaust stream, and in the diesel particulate filter (DPF). To understand the oxidation of diesel particulates, it is important to understand their initial formation and physical structure. For diesel engines, particulate formation has been shown to occur at the locally rich regions of the fuel spray. 1, 2 Work by Harris and colleagues [3] [4] [5] suggests that particulate formation occurs via three distinct stages: particle inception or nucleation, particle growth, and chain formation. Particle nucleation occurs by the homogeneous reaction of the gas-phase hydrocarbons into spherical, condensed nanoparticles. 6 The rate of particle nucleation is very fast, occurring over only a few milliseconds. The fraction of the total exhaust particulate concentration that is contributed by this process is very low, but these nuclei have large surface area. 7, 8 After the nuclei are formed, the transition from inception to growth is gradual; the nuclei particles continue to develop by surface growth as a result of chemisorption and coalescence. First, the small particles coalesce into larger spheres, thus reducing the number of individual particles. 9 Hydrocarbon gas-phase species then chemically bond to the surface of the particle and become integrated into the solid phase. This process, referred to as surface growth, is responsible for the increase in mass of the primary particulates. The final stage of growth, chain formation, occurs when the nuclei agglomerate to form three-dimensional structures. 10 Agglomerates are held together by polyaromatic hydrocarbons (PAHs) that condense from exhaust and act as a coagulating agent. Many studies have examined the impact of fuel type on particulate formation, [11] [12] [13] but these have specifically not included practical alternative diesel fuels such as bio-derived fuels.
Independent of the fuel source, the backbone of diesel particulates consists of fixed elemental carbon, which is initially released from the fuel by a complex series of reactions during combustion. After their initial release, individual carbonaceous particles link together in large numbers to form large aggregates and agglomerates that make up the basic particulate superstructure.
14 Particle collisions and coagulation (aggregation) are responsible for the distribution of particle sizes seen. 15, 16 Additionally, from the moment the particulates leave the combustion chamber, the exhaust gas temperature decreases. As the exhaust cools, the saturation pressures of exhaust hydrocarbons, such as residual fuel hydrocarbons, products of partial oxidation, and lube oil components, are reduced and these compounds begin to condense on the surface of the particles. These components make up the soluble organic fraction (SOF) and volatile organic fraction (VOF) of the particulate.
The concept of nanostructure in engine-produced particulate is a recognized physical characteristic, which has been shown to generally have impact on the reactivity. [17] [18] [19] [20] [21] [22] [23] Nanostructure has been shown to vary with fuel, temperature, and residence time within laboratory flow reactor studies 20 and with fuel molecular structure and operating point in diesel engines. 18 Soot with amorphous nanostructure, with a predominance of edge versus basal plane sites, oxidizes more readily than that with graphitic nanostructure, characterized by lamella of extended length and proportionally fewer edge sites. 23 Fullerenic nanostructure has been shown to have intermediate reactivity due to long, but curved lamella. The long lengths result in fewer edge sites, but the curvature imposes bond/ring strain that increases the basal plane carbon reactivity.
A second key aspect of nanostructure within combustion-produced soot is that it is mutable, that is, it can change in response to oxidation. [24] [25] This has been observed in heat-treated soot and partially oxidized soot. 26 In recent examples of laboratory and power generation systems, dramatically different burnout modes manifested, such as a hollowing-out effect, leading to hollow shells. 27 What has not been demonstrated, to date, is the synergy of the nanostructure and oxidation, that is, its impact on both the initial oxidation and evolution during oxidation resulting in feedback upon the oxidation process. We show how the characteristics of diesel particulates are affected by blending soy-based biodiesel fuel with conventional diesel fuel in a modern light-duty diesel engine. In addition to directly measuring oxidation characteristics, 10 the DPF particulate produced by different biodiesel-conventional fuel blends was subjected to a range of chemical 28 and physical measurements in order to better understand the mechanisms by which fuel-related changes to oxidation reactivity are brought about. These physical characteristics, including the particulate surface area by Brunnauer-EmmetTeller (BET) method, differentiation of the elemental and organic carbon content by X-ray photoacoustic spectroscopy (XPS), and major structural features revealed by high-resolution transmission electron microscopy (HRTEM), are the subject of this work. Additionally, we show the interaction between the nanostructure and oxidation process, illustrating the mutability of the nanostructure and the changing impact on oxidation.
Experimental approach
Engine, fuels, and particulate sample generation and collection Particulate samples were generated in a 1999 1.7L Mercedes Benz direct-injection common rail diesel engine. This engine has been well characterized previously, 20, 29 with the engine specifications and detailed description of the system given in Stanmore et al. 30 Briefly, the system is set up to emulate the factory calibration for conventional light-duty diesel combustion and is operated with a dSpace flexible engine control system capable of actuating the exhaust gas recirculation (EGR) valve, the intake throttle, fuel rail pressure, start-of-injection (SOI) timing, injection duration, and the number of injection events.
The engine was run at a single steady-state point, 1500 r/min, 2.6 bar brake mean effective pressure (BMEP) with 30% EGR for 12 h (one 8 h day + one 4 h day) for each fuel. For each fuel blend, the engine performance parameters (speed, load, and %EGR) were set, and fueling rate, rail pressure, and SOI were allowed to float by 1°to meet the demand; the engine was not optimized for each fuel. Between experiments, the fuel system was flushed and the engine was run at a higher load-speed point to burnout any residual fuel.
Neat biodiesel (B100, fuel blend containing 100 vol.% biodiesel in ULSD) can be produced from vegetable oils, including corn, coconut, palm, and soybean oils. Soy-based biodiesel is currently the most common in the United States. Soy methyl ester (SME) biodiesel is composed of three methyl esters: a C16 and two C18 isomers. Soy Gold ä SME biodiesel (B100) was purchased from Ag Processing Inc. (Omaha, NB) and conventional 2007 certification ultra-low sulfur diesel (ULSD) was purchased from Chevron Phillips Specialty Chemical Company (The Woodlands, TX). Volumetric blends of 5%, 10%, 15%, and 20% biodiesel in ULSD were splash blended. The blends are designated by ''B#,'' where the number is the percentage of biodiesel in ULSD. Four of the fuels (ULSD, B5, B20, and B100) were monitored for combustion, and all six of the fuels were used to generate particulate samples. The parent fuel properties are given in Strzelec et al. 31 and Strzelec.
32 Figure 1 shows the gas chromatographmass spectrometer (GCMS) hydrocarbon profiles for conventional and biodiesel fuels. The in-cylinderaveraged heat release rate (HRR) and cylinderaveraged pressure for the ULSD and B100 fuels are shown in Figure 2 . The lack of difference indicates that the particulates were formed under nearly identical temperature and pressure conditions, isolating the fuel chemistry as the sole variable.
An uncatalyzed DPF was installed approximately 1 m downstream of the turbine exit to collect particulate powder, with no diesel oxidation catalyst (DOC) used upstream of the DPF, as shown in Figure 3 . The particulate removed from the DPF was used for chemical and physical characterization experiments in its nascent state and after partial oxidation in a microreactor. Detailed descriptions of the experimental methods can be found in Strzelec et al. 10 
Microreactor measurements
The microreactor system, schematically represented in Figure 4 , can be used to measure a variety of fundamental properties of a particulate sample including surface area (by BET), volatile content, O 2 storage capacity, and kinetic (Arrhenius) parameters for oxidation by O 2 . The system consists of a two-stage quartz U-tube and a plug flow reactor, with reaction products analyzed by a quadrupole mass spectrometer. It is equipped with a fast switching valve and two independent gas manifolds supplied by digital mass flow controllers flowing bottled gases. Gas driers and O 2 traps are installed in the inert gas lines to assure dry, oxygen-free inert flow to minimize the background. Each stage of the reactor is outfitted with a thermocouple, in order to monitor the bed temperature and a digitally controlled furnace capable of 950°C. The sample, mixed with yttrium-stabilized zirconium oxide beads (Y-ZrO 2 ) for thermal stability, is contained in the first reactor.
Samples were prepared in a clean, dry U-tube for each experiment. Tubes were first cleaned with soap (Alconox; Fisher Scientific) and water, then rinsed with acetone, and dried in a 150°C furnace. An end plug was formed with approximately 0.15 g quartz wool rolled into a cylinder and pushed down into the end of the U-tube. Particulate samples of 15-20 mg were measured in weighing funnels and transferred to the U-tube on top of the quartz plug, forming the particulate bed. For thermal stability of the bed, approximately 1 g of 1 mm Y-ZrO 2 beads was added to the particulate bed. Another quartz plug was placed on top of the particulate/ZrO 2 bed and the total bed height of particulate plus ZrO 2 beads was approximately 12 mm.
Oxidation in the microreactor was done in both a temperature-programmed oxidation (TPO) mode from 50°C to 650°C at 5°C/min and an isothermal-pulsed oxidation (IPO) mode in a manner analogous to Yezerets et al. 33 in order to both measure isothermal oxidation rates at different, differential degrees of carbon burnout and create the partial oxidation samples for microscopy. The devolatilized samples were heated to each temperature of interest under inert gas, and then the switching valve was used to cycle the inlet gas between the inert and oxidizing conditions of 10% O 2 in Ar. To maintain differential and isothermal conditions in any one pulse, the oxidizing pulse durations were kept between 2 and 30 s depending on the Figure 1 . GCMS hydrocarbon profiles of ULSD (top) and SME B100 (bottom) fuels. ULSD has a wide range of many hydrocarbon species, whereas SME biodiesel typically comprised an oleic acid (C16) methyl ester and two isomers of the linoleic acid (C18) methyl ester.
temperature. The inert period between oxidizing pulses was 5 min. Evolution of CO 2 was measured by the mass spectrometer, and the reaction rate was found directly from the rate of CO 2 production in each oxidizing pulse.
Specific surface area was measured in situ for the nascent particulate and at different extents of reaction during burnout with a continuous flow process. During this process, gas was only directed through one reactor cell containing the sample. Seven concentrations of argon in helium (7.5%, 6.5%, 5.5%, 4.5%, 3.5%, 2.5%, and 1.5%) were used to stay within the 0.05 \ (P/P o ) \ 0.35 pressure range. 32 The argon concentration in the effluent gas was monitored by the mass spectrometer. The sample, held in the U-tube reactor cell was subjected to the experimental flow, and then immersed in liquid nitrogen (LN 2 ) until the adsorption reaches equilibrium, after approximately 5 min. Then, the LN 2 was removed and the U-tube immersed in a beaker of water at room temperature and the desorption are allowed to reach equilibrium in approximately 3 min. The specific surface area was then calculated using the BET methodology.
BET theory 35 extends the monolayer Langmuir theory to use the physical adsorption of gas on a solid surface as a basis for the measurement of specific surface area of a material. The BET equation for the adsorption isotherm is
where P and P o are the equilibrium and saturation pressure, respectively, v is the adsorbed gas volume, v m is Figure 2 . In-cylinder-averaged heat release rate and pressure for the ULSD and B100 fuels show very little difference in the particulate formation temperature and pressure conditions. The similarities in the traces allow for the isolation of fuel chemistry effects. Figure 3 . Engine-based particulate sample on a light-duty diesel engine. An uncatalyzed, cordierite DPF was used to collect the soot samples described in this study. the volume of a monolayer of gas, and c is the BET constant shown in
where E 1 and E L are the heat of adsorption for the first layer and the heat of liquefaction, respectively. To calculate the specific surface area, the left-hand side of equation (1) is plotted against P/P o in the range of 0.05 \ P/P o \ 0.35 and the slope and intercept of the line are then used to calculate v m and c, and the specific surface area can be calculated from
where N A is Avogadro's number, S is the adsorption cross section, V is the molar volume of the adsorbent, and a is the molar weight of the adsorbed species.
HRTEM imaging and characterization
HRTEM images were taken using a Phillips CM200 with a Gatan image filter for digital imaging with live Fourier transforms with a 0.14-nm nominal resolution using a LaB 6 filament. The instrument was operated at 200 keV. Samples for imaging were created by dispersing a small amount of the DPF-collected particulate samples onto a TEM grid. A sampling procedure we have found adequate to ensure representative images and analyses over the years is as follows. 36 Three to five grid sections are examined in opposite directions to inspect for consistency of coverage and among aggregates. Aggregates possessing similar size and morphology are indicative of similar combustion history. 37 From such aggregates, primary particles are examined at high magnification with visual similarity being the criteria for subsequent selection for imaging and analyses.
Quantification of the HRTEM images was performed by analysis algorithms, developed and documented over decades in prior publications and theses. [38] [39] [40] [41] As detailed in these references, images are transformed into binary, skeleton images from which the carbon lamella spatial metrics may be measured and statistics derived. These metrics are referred to in the literature as ''nanostructure,'' encompassing the measures of length, tortuosity and separation distance (between adjacent lamella). The distributions of these measures may be statistically analyzed and compared. [17] [18] [19] [20] [21] [22] 24, 26, 35, [39] [40] [41] [42] [43] [44] Given that the observed lamellae ''lattice planes'' are observed as an electron interference pattern in the TEM instrument, the lamellae are routinely referred to as ''fringes'' and their analysis as ''fringe analysis.'' Application of these analysis algorithms permits quantification of the lattice structure within carbon materials, such as for the soot of interest here.
XPS analysis
The PHI 500 Series XPS uses a conventional dual anode X-ray source (Mg and Al) with a 200' hemispherical electron energy analyzer and a multi-channel detector. Analyzer electronics have an energy scan range of 0-4800 eV with a resolution of 0.025 eV minimum step size, the lens is an Omni-Focus ä III. Peak deconvolution was performed with a MATLAB program 21 after setting the background parameters. Peak assignments were made, allowing for shifts due to sample charging. Reproducibility of the high-resolution scans was high with 2-3 scans taken over different sections of the filters. Such data collection was repeated over two different sessions. Differences in the deconvoluted peak intensities were quite small relative to those differences observed between each soot particle source.
Results and discussions

Fuel effects on particulate sample generation
Particulate samples for kinetic and physical analysis were collected in an uncatalyzed DPF installed in the exhaust system. In-cylinder heat release profiles for the engine during particulate collection of all the samples (for all the fuel blends) were consistent with previous published reports 45, 46 and kept relatively constant between fuels as shown previously in Strzelec et al. 31 and Strzelec. 32 The consistent profiles imply that, at least to a first approximation, the combustion conditions were similar. Figure 5 shows how the measured fuel consumption and particulate emission concentrations were found to vary with fuel type, with B100 having higher fuel consumption for the same speed-load condition and approximately one-third of the concentration as compared to ULSD. Therefore, the 12-h engine run sample collection times were used in order to collect enough particulate. For consistency, all samples were collected in the same manner.
Specific surface area with extent oxidation and fuel type
Specific surface area was measured for nascent (n), devolatilized fixed carbon (fc), and partially oxidized particulate samples in the microreactor, as described earlier. Large gains in surface area were seen in all samples with devolatilization, as shown in Figure 6 , and the specific surface area of all of the samples increased along the burnout trajectory, though each in a unique way. For all of the samples, the specific surface areas rose rapidly in the early stages of oxidation. The observed rate of area increase was considerably higher than would be expected for purely external surface burning (i.e. shrinking core or Zone I mode), implying that internal surfaces were reacting as well (i.e. external plus internal pore burning of Zone II mode). It is clear that the B100 fixed carbon has substantially more surface area than any of the other samples during the early stages of burnout. B20 (fuel blend containing 20 vol.% biodiesel in ULSD) has slightly higher surface area than ULSD in that same range, though both are significantly larger than B5 (fuel blend containing 5 vol.% biodiesel in ULSD). Past 50% conversion, the specific surface areas of all the samples began to approach similar constant values, although the B5 area remains notably lower until approximately 70% conversion. This implies that as the original particle structures were reacted away, the residual carbons were becoming more similar. In fact, all of the samples seem to be evolving toward a common endpoint, which we postulate is the surface area of graphene (650-1000 m 2 /g) 43 due to their graphitic cores.
HRTEM and fringe analysis
To better understand the origin of the differences in surface area and sample reactivity, the elemental carbon skeleton was investigated by HRTEM. HRTEM images are useful for qualitative comparisons between the particulate samples; however, to make statistical comparisons, quantitation by fringe analysis is required. Carbon nanostructure, the curvature and orientation of the molecular layers, has been related to oxidative reactivity; carbon that is graphitic in nature has planar, organized layers, and has higher activation energy compared to carbon with curved or disorganized layers. 17, 19, 24, 42 Simple oxygenated fuels, such as ethanol, have been shown to produce distinctly different nanostructures with fullerenic character as compared to hydrocarbon fuels pyrolyzed under the same conditions. 18, 19 For neat oxygenated fuels, it was shown that particulates with less graphitic structure and correspondingly higher reactivity as compared to conventional hydrocarbon particulates. 18 Briefly, carbon lamella is the graphene segment that makes up the particulate elemental carbon skeletal structure. In fringe analysis, the length of the segments is measured.
For each fuel-specific particulate sample, comparison between the nascent and a significant intermediate (50%) oxidation stage gives insight into burnout mode and the response to progressive burnout. In turn, the change in nanostructure can account for the fall-off in the oxidation rate with time. Comparison between the soot samples with different nascent nanostructures then provides resolution of the oxidation dependence upon nanostructure and in turn, its evolution as dependent on nascent level, driven by oxidation.
As the HRTEM images in Figure 7 reveal and the image analyses quantify; the initial nanostructure of these particulates varies, in particular that for B100 is nearly amorphous. As visual inspection of the HRTEM images suggests, nanostructure for B5 and B100 clearly changes with oxidation. For each of these soots, the evolution is towards graphitic, as shown by the corresponding difference histograms in Figure 8 . Short lamellae oxidize preferentially, while other lamellae grow, leading to the partially oxidized (50%) soot with a more extended lamella length distribution, as shown by the greater percentage of longer lamellae in Figure 8 . In contrast the ULSD and B20 soot nanostructure does not appear to significantly change as a result of oxidation. This was also found to be true for the tortuosity distributions for these soots. In contrast the tortuosity difference distribution for B100 reveals a marked shift towards lamella with less curvature upon oxidation. The median of the logn-normal distribution decreased by ; 15 % (95% CI). Taken together these distributions indicate that the lamella become longer and flatter due to oxidation. That a significant change was not observed for B5 despite the marked increase in the length distribution underscores the governing role of the nascent nanostructure upon its evolution during oxidation. Mechanisms of oxidative graphitization are operative whereby oxidation removes interstitial carbon, disengages cross-links between lamella and activates edge sites for so-called vegetative growth. 35 . In essence, the lamella become longer and straighter, and better stacked as a consequence of increased mobility.
Although there are differences between the soot nanostructure prior to oxidation, these are small and generally within standard 1 sigma uncertainty limits for the length distributions. The feature of particular note is that the nanostructure changes quite significantly upon oxidation, and moreover, the extent of the change depends on the fuel blend composition. As observed and noted previously, 22, 25 the link is the fuel molecular composition changing the chemistry (i.e. relative concentrations) of key species in the soot formation path. Oxygenates, in particular, change the local equivalence ratio. 18, 22 Extracting such differences from log-normal distributions can be blurred by the nature of such distributions. For this reason, to better highlight changes between partially oxidized and nascent soots and to contrast differences dependent on the fuel blends, difference in plots are calculated, as shown in Figure 8 . These plots show a decrease in shorter lamellae and an increase in longer lamellae, particularly pronounced for the soot derived from B5 and B100. Figure 9 shows the changes in tortuosity of the soots between the nascent (Figure 9a ) and partially oxidized (Figure 9b ). After partial oxidation, there are generally fewer curved lamella remaining, with exception of the B100, indicating a preference for the O 2 to attack the curved rather than the straight lamella. Lamella spacing was also measured for both the nascent and partially oxidized soot, but changes were within error and therefore difficult to quantify.
As oxidation proceeds, the soot matrix becomes more graphitic with declining reactivity. This is manifested as a decrease in mass loss rate for isothermal thermogravimetric analysis (TGA) tests in the range of 300-600 C. In essence, the carbon becomes more refractory during progressive oxidation for burnout levels between 10% and 75%. Although this trend has been observed elsewhere, 31, 47 the new feature is that the decline in reactivity is consistent with the changes in soot nanostructure. As shown by the fringe difference plots in Figure 8 , the extent of graphitic nanostructure development between oxidized and nascent soot is dependent on the biofuel content. This same trend is borne out in the temperature required for a given mass loss rate shown in Figure 10 , and as shown elsewhere in isothermal oxidation studies. 10, 29, 30, 40, 48 For any given level of burnout, soot from B5 fuel requires highest temperature. Across all burnout levels, this ranking is maintained. While such kinetic differences have been difficult to interpret, the combination of HRTEM with fringe analysis reveals the origin. As oxidation proceeds, the soot mutates and the activation energy for oxidation changes-reflecting the increasingly graphitic nanostructure. 24, 25, 27, [49] [50] [51] Likely assisting this structural change is the particulate composition-those from the biodiesel blends have significant sp 3 ''organic'' carbon content as opposed to the more elemental carbon represented by the sp 2 component, each identified in the deconvolved XPS C1s scans. 43 That less pronounces oxidatively induced change in the nanostructure is found for the B20 particulate reflects the relative lack of influence of the biofuel at this intermediate concentration.
XPS analysis
XPS is a spectroscopic method, whereby incident monochromatic X-rays excite core-shell electrons whose kinetic energies are measured. By energy balance, the measured energies reflect their initial energy level and hence elemental origin. These energy levels are perturbed by the valence shell bonding and hence small shifts in their nominal binding energy can reveal the bonding state, that is, hybridization of the atom. Hence, deconvolution of the main core-shell peak for carbon (C1s energy level) at a nominal 284.5 eV can be interpreted as the split between sp 2 and sp 3 bonding carbon. 54 This bond information complements the nanostructure information gleaned from HRTEM. As graphitic structure evolves, and the extent of sp 2 relative to sp 3 bonded carbon increases. The relative organic carbon contents of the different particulates extracted by XPS analysis are shown in Figure 11 . For reference, temperatures associated with a 10% oxidation level are co-plotted. The counter posed trends with high correlation suggest a casual relation. With increasing biofuel content, the organic component increases. This could account for the decrease in nascent soot nanostructure, observed visually in Figure 7 and graphically in Figure 8 , as well as the increased reactivity as gauged by lower reaction temperature for varied initial burnout percentages as shown in Figure 11 . Organic content, matrix bound or otherwise included, would be expected to oxidize first and with more organic content, a greater mass loss would be expected at temperatures above a generic (organic) oxidation onset of ;500 K. 22, 24, 25 The one datum that does not fit the trend is the ULSD particulate, which is based on its lowest sp 3 /sp 2 ratio; it would be expected to have the highest T10 temperature. Although the value is close to that for the B5 particulate, it is different based on the estimated error. A compositionally based explanation consistent across all samples is not apparent, other than the varied physical nanostructures also contribute to the observed reactivity differences (Figure 11) .
We also note that the oxidation does not proceed uniformly around the particle perimeter. 10 Localized Figure 7 . The present studies do not address the specific origin for such localization other than the sites apparently represent regions more susceptible to O 2 attack for reasons of physical nanostructure and/or chemical composition. A significant point is that for ''graphitization'' of the particle to occur, it must be permeable to oxygen. 25, 26 This underscores the fact that particulate oxidation rates may be dependent upon other factors, beyond reactant and temperature. 10, 25, 56 
Conclusion
Measurements of surface area and microstructural morphology changes for devolatilized diesel engine particulates reacted with 10% O 2 under controlled conditions in a laboratory reactor have revealed that particulates generated with high levels of biodiesel fueling exhibited significantly higher BET surface areas than particulate from conventional diesel fueling both initially and during the early stages of oxidation. High levels of biofuel blending disrupted the graphitic stacking of the lamella, creating a more open structure, leading to the increased surface area. The average carbon lamella length decreases with higher biofuel content, which implies an increase in the ratio of edge to basal plane carbons. This increase in surface area and higher edge to basal plane carbon ratio allows for more gas-phase oxidizer contact with the solid surface, a necessary component for a heterogeneous reaction. As the extent of carbon oxidation progressed beyond 40%, the surface areas of particulate samples produced with different blends of conventional and bio-derived diesel fuels B100 began to converge to similar constant values. The specific area evolution of all the particulate samples studied is consistent with some type of internal burning. HRTEM imaging reveals nanostructural features that correlate with biofuel blend level and the surface area evolution trends. The low-BET area and graphitic nanostructure of the B5 particulate sample suggests that small amounts of biodiesel can have complex, non-monotonic effects on the resulting particulate structure.
What this study illustrates is the dependence of nanostructure on nascent fuel and resulting impact upon oxidation onset, as gauged by the temperature at which a given degree of burnout is reached. With increasing degree of oxidation, soot nanostructure evolves towards a more graphitic form. Nanostructure is a valid construct for understanding and relating oxidative reactivity to structure. Although known that the initial oxidation rate is not necessarily reflective of the overall oxidation rate, nor is constant throughout the course of oxidation, the present data provide a physical basis for these observations. What this article shows is that the initial nanostructure may not be representative of reactivity over the course of oxidation. Results are demonstrated for a series of particulates from different biodiesel fuel blends in comparison with ULSD particulate. Progressive oxidation leads to substantial changes in nanostructure with decided impact on further reaction rates. The ease and degree of structural changes are ascribed to the high organic content of the particulates, particularly for those from biodiesel blends, as measured by XPS.
